Diffuse white matter injury (DWMI) caused by hypoxia is associated with permanent neurodevelopmental disabilities in preterm infants. The cellular and molecular mechanisms producing DWMI are poorly defined. Using a mouse model of neonatal hypoxia, we demonstrate a biphasic effect on oligodendrocyte development, resulting in hypomyelination. Oligodendrocyte death and oligodendrocyte progenitor cell (OPC) proliferation during the week after hypoxia were followed by delayed oligodendrocyte differentiation and abnormal myelination, as demonstrated by electron microscopy. Cdk2 activation was essential for the regenerative OPC response after hypoxia and was accompanied by reduced FoxO1-dependent p27 Kip1 expression. p27 Kip1 was also reduced in OPCs in human infant white matter lesions after hypoxia. The negative effects of hypoxia on oligodendrogenesis and myelination were more pronounced in p27 Kip1 -null mice; conversely, overexpression of FoxO1 or p27 Kip1 in OPCs after hypoxia promoted oligodendrogenesis. Our studies demonstrate for the first time that neonatal hypoxia affects the Foxo1/p27
Introduction
Chronic neurological disabilities-including motor, cognitive, and behavioral delays-occur with increased frequency in premature infants of very low birth weight, as do behavioral disorders, epilepsy, and cerebral palsy (Hack et al., 2000; Wood et al., 2000; Volpe, 2001) . These infants are at high risk of developing diffuse white matter injury (DWMI) previously referred to as periventricular leukomalacia (Back, 2006) . Premature infants with evidence of DWMI on MRI at term equivalent age (Ment et al., 1998 (Ment et al., , 2000 and those with severe respiratory problems (e.g., bronchopulmonary dysplasia) and recurrent hypoxemia are at high risk for long-term neurological deficits (Ment et al., 2003; Fagel et al., 2009; Scafidi et al., 2009 ). Morphological and structural changes in the brain-with main disturbances occurring in the white matter-lead to chronic disability in survivors (Ment et al., 1998 (Ment et al., , 2000 . The alterations in white matter development due to neonatal brain damage are usually associated with significant disruption of myelination (Kinney and Back, 1998) , which correlates with a period of developmentally regulated susceptibility of late oligodendrocyte progenitor cells (OPCs) (Back et al., 2002) . Therefore, identification of molecular mediators of oligodendrocyte regeneration in neonatal white matter following hypoxia in vivo is essential for developing therapeutic strategies to prevent neurodevelopmental deficits associated with this pathology in premature infants.
Oligodendrocyte regeneration in adult white matter under pathological conditions involves recruitment of local (parenchymal) and remote [subventricular zone (SVZ)]-derived OPCs . The SVZ, a major germinal area in humans and rodents (Luskin, 1993; Lachapelle et al., 2002; Sanai et al., 2004; Menn et al., 2006; Jablonska et al., 2007; Nait-Oumesmar et al., 2008) , contains a substantial pool of OPCs, which-under pathological conditions-can generate new oligodendrocytes in affected white matter regions (Armstrong et al., 2002; Frost et al., 2003; Crockett et al., 2005; Aguirre et al., 2007) . However, the cellular responses induced by neonatal hypoxia in white matter and SVZ OPCs, and the molecular pathways regulating oligodendrocyte regeneration from these cells in vivo, are still undefined.
The present study used a clinically relevant mouse model of DWMI Scafidi et al., 2009; Bi et al., 2011) to ϩ males were backcrossed to C57BL/6 females for more than eight generations. In CNP-EGFP mice, various stages of the oligodendrocyte lineage have been visualized based on EGFP expression driven by myelin-specific 2Ј,3Ј-cyclic nucleotide 3Ј-phosphohydrolase (CNP) gene promoter (Belachew et al., 2003) . p27 Ϫ/Ϫ transgenic mice were previously described (Fero et al., 1996) . Mice deficient in p27
Kip1 are viable, larger than normal littermates, with better-developed organs (particularly thymus and spleen), suggesting that p27 Kip1 is required in many cell lineages for normal exit from the cell cycle (Fero et al., 1996; Belachew et al., 2003) . Cdk2 Ϫ/Ϫ transgenic mice were previously described (Berthet et al., 2003) . Although larger than their littermates, the only morphological or structural differences in their organs compared with wild-type mice are sterile gonads.
CNP-EGFP, p27 Ϫ/Ϫ , and Cdk2 Ϫ/Ϫ pups [3 d of age; postnatal day 3 (P3)] were exposed to 9.5-10.5% oxygen concentration in a hypoxic chamber. Oxygen concentration was maintained and monitored continuously with the sensor inside the chamber. To maintain hypoxic conditions, nitrogen was added to displace oxygen. To optimize nutrition during hypoxia, transgenic pups were housed in the chamber with two CD1 foster mothers and their pups. At P11, mice were removed from the chamber and transferred to a room with normoxic air conditions; however, they remained with CD1 foster mothers to minimize stress. Because of the low survival rate of p27 Ϫ/Ϫ mice, we modified hypoxic parameters specifically for this mouse strain to maintain oxygen concentration at 12.5%. For all three strains, exposure to hypoxia lasted 8 consecutive days (P3-P11). After 11-d-old pups were removed from the chamber, the mice proceeded to the various experimental conditions at the specified time points. Time course analysis for immunohistochemistry was performed at P11 (immediately after mice were removed from the hypoxic chamber), at P18 (at 1 week recovery in normoxic conditions), and at P45 (34 d after hypoxia).
Genotyping Cdk2 Ϫ/Ϫ and p27 Ϫ/Ϫ mice. To breed Cdk2 Ϫ/Ϫ and p27 Ϫ/Ϫ mice, we crossed two heterozygotes. Cdk2 Ϫ/Ϫ newborn pups were genotyped following the procedure established by Berthet et al. (2003) . Primers used in PCR were as follows: forward, 5Ј-CCC GTG ATA TTG CTG AAG AGC TTG GCG-3Ј; reverse, 5Ј-GGT TTT GCT GCA TGT GGG CAT GG-3Ј; neo, 5Ј-GTG ACC CTG TGG TAC CGA GCA CCT G-3Ј. DNA products were loaded onto 2% agarose gel to resolve the specific bands: 150 bp for wild-type mice, 500 bp for Cdk2 Ϫ/Ϫ , and both bands for heterozygotes. p27 Ϫ/Ϫ mice were genotyped following the protocol of The Jackson Laboratory. Primers used in PCR were as follows: oIMR0947, 5Ј-CTC CTG CCA TTC GTA TCT GC-3Ј; oIMR0948, 5Ј-CTC CTG CCA TTC GTA TCT GC-3Ј; oIMR6916, 5Ј-CTT GGG TGG AGA GGC TAT TC-3Ј; oIMR6917, 5Ј-AGG TGA GAT GAC AGG AGA TC-3Ј. DNA products were loaded onto 2% agarose gel to resolve the specific bands: 190 bp for wild-type mice, 280 bp for mutant, and both bands for heterozygotes. For both strains, only mutant and wild-type mice were analyzed.
Immunocytochemistry. Immunocytochemical analysis was performed at three time points: P11, P18, and P45. Time course analysis allows identification of specific stages of oligodendrocyte development vulnerable to hypoxic damage. In each experiment, normoxic mice served as controls. Hypoxic and normoxic mice were anesthetized with isoflurane and transcardially perfused with 0.1 M PBS, pH 7.4, followed by 4% paraformaldehyde. Brains were postfixed overnight in 4% paraformaldehyde. Serial coronal and sagittal sections (50 m) were cut using a cryostat microtome, collected in PBS, pH 7.4, and stored at 4°C until use.
Immunocytochemistry was performed on floating sections using antibodies against the following antigens: NG2, Doublecortin, GFAP, Olig2 (Millipore Bioscience Research Reagents), Ki67 (Novocastra), c-Caspase3 (Cell Signaling), CC1 (Calbiochem), S100␤, BrdU (Sigma-Aldrich), myelin basic protein (MBP) (Covance), Mash1, PDGFR (both from BD Biosciences), and Iba1 (Wako). All antibody dilutions were as previously described (Aguirre and Gallo, 2004) . Sections were incubated overnight at 4°C in primary antibodies diluted in 0.1 M PBS, pH 7.4, containing 0.1% Triton and 5% normal goat serum. Appropriate secondary antibodies were used as follows: TRITC-conjugated AffiniPure goat anti-mouse IgG (HϩL), FITCconjugated AffinitiPure goat anti-rabbit IgG, and TRITC-conjugated AffiniPure goat anti-mouse IgM (Jackson ImmunoResearch). Sections were incubated with secondary antibodies for 1 h at room temperature and mounted.
Quantitative cellular and biochemical analysis. We used a confocal LSM (Zeiss 510) optical (magnification, 40ϫ; step size, 1 m) of 20-to 30-m-thick immunostained tissue sections with a volume of 225 ϫ 225 ϫ 10 m (x, y, z). The stacks were then z-axis collapsed, allowing us to analyze all elements of the cellular morphology and localize fluorescent labels to specific compartments. Four different lasers were used to image localization of FITC (488 nm excitation), CY3 (580 nm excitation), CY5 (647 nm excitation), and DAPI (400 nm excitation).
Analysis of the white matter was performed in three different areas: corpus callosum, external capsule, and cingulum. The analysis was limited within the boundaries of the white matter, as detected by DAPI distribution, to account for changes in white matter volume after hypoxia. Consistent imaging of all tissue sections and high number of sections (15-25 per group per antigen) used for quantification contributed to minimize bias. Total and relative numbers of cells expressing different antigens were estimated by scoring the number of cells double-labeled with the markers. Data were usually obtained from at least five to eight tissue sections from three to four mice per group. For CNP-EGFP mice, results are presented as mean Ϯ SEM, and t tests were performed to establish statistical significance. In Cdk2 Ϫ/Ϫ and p27 Ϫ/Ϫ mice, statistical analysis used two-way ANOVA to determine significant differences in oligodendrocyte proliferation and differentiation.
Western blot analysis and immunoprecipitation. White matter and SVZ areas were precisely dissected from 300-m-thick, coronal sections from hypoxic and normoxic CNP-EGFP and p27 Ϫ/Ϫ mice at P11, P18, and P45. Tissues were homogenized in RIPA lysis buffer with proteinase inhibitors (Santa Cruz Biotechnology). Protein extracts were boiled for 5 min before loading onto 4 -20% gradient gels (GeneMate; 20 g of protein per lane). Gels were electrotransferred to a 0.2 m nitrocellulose membrane (Millipore) . Blots were blocked in 5% milk in TBST for 1 h, then incubated at 4°C overnight with one of the following antibodies: anti-Cdk2, -Cdk4, -cyclin E, -p27 KIP1 , -MBP, -MAG (Santa Cruz Biotechnology), -Rb, -pRb(Ser780), -pRb(Ser795), -pRb(Ser807/811), -E2F1, -p107, -E2F4, -FoxO1, -FoxO3a, -FoxO4, -Skp2 (Cell Signaling), -myelin oligodendrocyte glycoprotein (MOG), -proteolipid protein (PLP) (Abcam), -Neurofilament 200 (NF200) (Sigma-Aldrich), Neu-rofilament H Nonphosphorylated (SMI32; Covance), and -actin (Millipore Bioscience Research Reagents; MAB). Bands were detected with appropriate horseradish peroxide-conjugated secondary antibodies, reacted with chemiluminescent ECL substrate (GE Healthcare), and visualized by x-ray exposure. Band intensity was measured using the ImageJ program (NIH). Western blots were obtained from white matter and SVZ from three to four animals in each group and age. Data were averaged and represented as means Ϯ SEM.
For immunoprecipitation, white matter and SVZ tissue extracts from hypoxic and normoxic CNP-EGFP mice were prepared in RIPA buffer containing 2% Triton X-100 and 0.2% SDS. Aliquots (270 g of tissue) were incubated overnight with antibodies against E2F1 (Cell Signaling) for white matter and E2F4 (Santa Cruz Biotechnology) for SVZ, together with 15 l of agarose A (Santa Cruz Biotechnology). Immunocomplexes bound to agarose A were collected by centrifugation and washed twice in 500 l of RIPA buffer containing inhibitors. Precipitated proteins were analyzed by immunoblotting with an anti-Rb Abs (Cell Signaling) for white matter and anti-p107 antibody (Sigma-Aldrich) for SVZ. Bands were detected using HRP-labeled polyclonal anti-mouse Ig (BD Biosciences) and developed with a chemiluminescent substrate (ECL; GE Healthcare).
Cell culture preparation and analysis. White matter areas were dissected from 300-m-thick coronal sections prepared from hypoxic and normoxic mice at P18 and digested for 30 min at 37°C in HBSS (Invitrogen) containing papain (13 U/ml; Sigma-Aldrich), DNase (5 U/ml; SigmaAldrich), and trypsin (Sigma-Aldrich). White matter cells were dissociated by trituration and resuspended in Hanks buffer containing 1 M HEPES (BioSource), 15% sucrose, and penicillin/streptavidin. For differentiation, cells were plated onto laminin-coated dishes (Invitrogen) with a density of 650 cells/l. Equal numbers of cells from hypoxic and normoxic CNP-EGFP mice were used in all experiments. For cell differentiation assays, cells from hypoxic and normoxic white matter were cultured for 5 d and incubated with growth factors [10 g/ml PDGF, 10 g/ml T3 (Millipore)]. To establish the cellular composition of the cultures, we cultured white matter cells from normoxic and hypoxic CNP-EGFP mice for 24 h, and labeled them with various cell-specific markers, including MAP2 for neurons, NG2 for oligodendrocyte progenitors, GalC for mature oligodendrocytes, GFAP for astrocytes, and Iba1 for microglia. We found that neurons, astrocytes, and microglia were not affected by hypoxia and together represented a constant fraction of the total cultured cells (22.7% for normoxia and 20.9% for hypoxia). However, the percentage of mature oligodendrocytes substantially decreased after hypoxia (from 36.6 to 14.4%), while the percentage of NG2 progenitor cells increased from 40.7 to 64.7%.
To assess the proliferative potential of cells, BrdU was added to the culture medium at 10 g/ml, followed by 60 min incubation at 37°C. Cells were then fixed in 4% paraformaldehyde and kept in PBS until use. BrdU incorporation was visualized by immunofluorescence using anti-mouse BrdU antibody and TRITC-conjugated AffiniPure goat anti-mouse IgG (HϩL). To study whether proliferating cells belonged to the oligodendrocytic lineage, we costained NG2
, and GFAP ϩ cells with antiBrdU or anti-Ki67 antibodies. Standard protocols were used to immunolabel differentiated cells (Aguirre and Gallo, 2004) with primary antibodies against O1 (Millipore) and O4 (R&D). For quantification, the percentages of positive cells were counted in random fields captured at 10ϫ magnification (Ͼ250 cells per condition and per stain) from at least three different samples and subjected to statistical analysis. We found that, in normoxia, mainly NG2 ϩ (69.0%) and Olig2 ϩ (74%) cells were proliferating in the cultures. We also found only a small fraction of GalC ). For a control, mock virus was injected into white matter. The following coordinates were used: 1 mm anteroposterior, 1 mm mediolateral, and 1.5 mm dorsoventral. Brains were processed for immunohistochemical staining using anti-CC1 (Calbiochem) and S100␤ antibodies (Sigma-Aldrich).
Electron microscopy. For ultrastructural investigation of myelinated axons in hypoxic and normoxic white matter, brains from P18 and P45 mice were perfused with 4% paraformaldehyde containing 15% picric acid and 0.2% glutaraldehyde. After washing in 0.1 M PBS, brains were sectioned at 200 m on the vibratome. Sections were osmicated 60 min in 1% osmium tetroxide (Electron Microscopy Sciences) in 0.1 M phosphate buffer, washed several times in distilled water, contrast enhanced for 30 min with 1% uranyl acetate (Electron Microscopy Sciences), and dehydrated in ascending concentrations of acetone. Finally, sections were soaked 60 min in a mixture of Araldite 502 (5.4 g), DDSA (4.6 g), DMP-30 (0.2 g) (all from Electron Microscopy Sciences), and flatembedded between glass slides and coverslips at 65°C for 48 h. Prepared sections were cut into semithick sections (90 m), stained with toluidine blue for anatomical identification of white matter, and resectioned into 70 nm ultrathin sections. These sections were examined with a JEOL transmission electron microscope (JEM-1400), and pictures were taken with a Gatan SC1000 ORIUS CCD camera. Electron-microscopic images were prepared using Adobe Photoshop CS2.
siRNA-induced FoxO1 and Skp2 knockdown in white matter cells. Cell transfection was performed using the NeuroPORTER Transfection Reagent (Genlantis, T400750) according to the manufacturer's instructions. After white matter dissection, cells were plated in 12-well cell culture dishes at a density of 50 cells/l for 24 h. At the time of transfection, cell cultures were ϳ60% confluent. Commercially available siRNAs directed toward FoxO1 and Skp2 were purchased from Dharmacon. A mixture of siRNAs (20 pM each) produced specific knockdown of FoxO1 and Skp2 at 7 h after transfection. Briefly, 2 l of 20 pM of each FoxO1 or Skp2 siRNA solution and 12 l of the transfection reagent were incubated in 100 l of OptiMEM medium (Invitrogen) for 20 min, to facilitate complex formation. The siRNA transfection mix was added to the cells cultured in 10% FBS. Control consisted of nonspecific siRNA (Silencer negative). Cells were transfected for 7 h at 37°C, washed with Hanks buffer, and cultured in MEM with 10% FBS for an additional 24 h. The medium was then changed to stem cell medium (SCM) (20 ng/ml EGF and 10 ng/ml FGF), and cells were cultured for 4 d. To assess the proliferative potential of cells, BrdU was added to the culture medium at a concentration of 10 g/ml, followed by 60 min incubation at 37°C. Cells were then fixed in 4% paraformaldehyde and kept in PBS until use. BrdU incorporation was visualized by immunofluorescence using antimouse BrdU antibody. Percentages of BrdU ϩ cells were quantified from at least three different experiments and subjected to statistical analysis. To demonstrated FoxO1 and Skp2 knockdown, Western blots analysis was performed on transfected CNP-EGFP cells from normoxic and hypoxic mice. After transfection, cells were lysed in 50 l of ice-cold RIPA buffer. Protein samples were prepared and processed as described in Western blots analysis and immunoprecipitation. Membranes were incubated with anti-FoxO1, anti-Skp2, and anti-p27
Kip1 antibodies, and results were normalized relatively to actin.
Overexpression of p27 Kip1 and FoxO1 in white matter cells. To overexpress p27 Kip1 or FoxO1 in white matter cells from normoxic and hypoxic brains at P18, we used a p27
Kip1 retrovirus (a gift from Dr. M. Luskin, Emory University, Atlanta, GA) or mock virus and pCMV5 HA FoxO1 plasmid (Addgene), or an empty vector as a control. Plasmid constructs were introduced into cultured cells by liposomal transfection for 6 h in 12-well plates using 1.0 g of DNA and 12 l of NeuroPORTER Transfection Reagent in OptiMEM medium. After transfection, the cells were washed in SCM containing 20 ng/ml EGF and 10 ng/ml FGF, and plated for poly-lysine-coated dishes for culturing. After 5 d in culture, cells were labeled with anti-O4, -O1, -GalC, -Olig2, and -p27
Kip1 antibodies or collected for Western blot. Membranes were incubated with anti-FoxO1 and anti-p27
All human tissue was collected in accordance with guidelines established by the University of California San Francisco Committee on Hu-man Research (H11170-19113-07) ( Table 1) . Following autopsy, all brains, except case 2, were immersed in PBS with 4% paraformaldehyde for 3 d. On day 3, the brain was cut in the coronal plane at the level of the mamillary body and immersed in fresh 4% paraformaldehyde/PBS for an additional 3 d. In case 2, the brain was immersed in 4% phosphatebuffered formalin for 1 week at room temperature. After fixation, all tissue samples were equilibrated in PBS with 30% sucrose for at least 2 d. Following sucrose equilibration, tissue was placed into molds and embedded with OCT for 30 -60 min at room temperature or 4°C followed by freezing in dry ice-chilled ethanol or methyl butane. The diagnosis of hypoxic ischemic encephalopathy (HIE) requires clinical and pathological correlations. With respect to the pathological features, all HIE cases in this study showed consistent evidence of diffuse white matter injury, including astrogliosis and macrophage infiltration. These findings were confirmed by the increase in the number and the staining intensity of GFAP-or CD68-positive cells, respectively. In addition, the HIE case also showed evidence of neuronal injury, including the presence of ischemic neurons and variable degrees of neuronal loss, in cerebral cortex, hippocampus, and basal ganglia.
Cases 1 and 2 demonstrated clinical evidence of HIE and pathological evidence of HIE and low output state in multiple organs on postmortem examination. More specific findings in case 1 (8 weeks of age, born at full term) included hypoplastic left heart status-post procedure and diffuse white matter injury in brain with focal neuron dropout in cerebral and cerebellar cortices. Case 2 (5 months of age, born prematurely at 26 weeks gestation) with a clinical diagnosis of severe HIE who underwent therapeutic hypothermia showed diffuse white matter injury on postmortem evaluation. Case 6 (1-d-old term infant) with midgut volvulus with extensive hemorrhagic necrosis of small bowel was not found to have significant neuropathological findings of HIE.
RT-PCR. cDNA was first synthesized from 1.5 to 2 g of total RNA extracted from cultured cells obtained from hypoxic and normoxic white matter in a total volume of 11 l, including 10 mM dNTP mix and 0.5 g/l oligo-dT (Invitrogen; 12371-019). Reaction mixtures were heated at 65°C for 5 min, and then at 42°C for 50 min. From 2 l of cDNAs, sequences of interest were amplified in a thermocycler in a total volume of 25 l of mixture with Taq polymerase. Primer pairs are described in the supplemental materials. PCR products were resolved by vertical electrophoresis on 2% agarose gels. Intensity of bands was measured using the Image J program (NIH). Primers were as follows: CNP, 5Ј-CCG GAG ACA TAG TGC CCG CA-3Ј; 5Ј-AAA GCT GGT CCA GCC CTT CC-3Ј; MBP, 5Ј-CTA CCC ACT GTC GAT GAC TTA TTG ATT AGA C-3Ј; 5Ј-CTC TAA TCA ATA AGT CAT CGA CAG TGG GTA C-3Ј; Olig2, 5Ј-GTG TCT AGT CGC CCA CGT G-3Ј; 5Ј-CGA TGT TGA GGT CGT GCA T-3Ј; GFAP, 5Ј-ACT TAA CAA ATC CCT TCC TTC ATC C-3Ј; 5Ј-CCC TCT CTC CTG TTC AGT G-3Ј; Actin, 5Ј-CGT GGG CCG CCC TAG GCA CA-3Ј; 5Ј-TTG GCC TTA GGG TTC AGG GGG-3Ј.
Results

Neonatal hypoxia exerts a biphasic effect on oligodendrocyte and white matter development
In prematurely born infants, the highest risk for DWMI occurs around 23-32 weeks of gestation, corresponding to the onset of premyelinating oligodendrocyte (pre-OL) production and early white matter myelination. DWMI involves substantial reduction in the number of mature oligodendrocytes (Back et al., 2001 ). Recent work indicates that, following such injuries in humans and rodent models, immature OPCs can repopulate such lesions, but they appear to be blocked at an immature state of differentiation (Buser et al., 2012; Back et al., 2001; Billiards et al., 2008) . To study the effect of hypoxia on oligodendrocyte development in a DWMI mouse model, we exposed CNP-EGFP mice (a mouse strain in which EGFP is selectively expressed in oligodendrocyte lineage cells) (Belachew et al., 2003; Aguirre et al., 2007) to hypoxic conditions (9.5-10.5% O 2 ) from P3 through P11. We initially performed Western blot and immunocytochemical analysis at P11, P18, and P45, to analyze myelin protein expression. Western blots showed that hypoxia did not modify MBP and CNP expression in white matter at P11. However, at P18, levels of both proteins were significantly reduced, as was the width of the subcortical white matter (30.74 Ϯ 4.41% decrease; n ϭ 4; p Ͻ 0.05). After long-term recovery in normoxia (P45), expression of both markers was upregulated ( Fig. 1 A-C) . A similar developmental pattern was observed for other myelin proteins, including MAG, PLP, and MOG, demonstrating reduced levels at P18, followed by an increase at P45 ( Fig. 1 B, C) . PLP expression was upregulated after hypoxia at P11, suggesting degenerative changes in axons.
Immunohistochemical analysis of oligodendrocyte lineage cells confirmed the biochemical results. CNP-EGFP ϩ cells were labeled with anti-CC1 (mature oligodendrocytes) and anti-Olig2 (all oligodendrocyte lineage cells). At P11, hypoxia caused no significant changes in the density of CNP-EGFP ϩ cells expressing these markers in corpus callosum. However, 1 week after hypoxic insult (P18), we observed significantly fewer mature oligodendrocytes expressing CC1 and Olig2; and by P45, long-term recovery in normoxic conditions resulted in significantly more CNP-EGFP ϩ
CC1
ϩ and CNP-EGFP ϩ Olig2 ϩ cells in white matter of hypoxia reared mice, compared with white matter of normoxic mice ( Fig. 1D-G) .
To further investigate whether the biphasic changes in myelin protein levels were due to alterations in the number of oligodendrocytes, we quantified CNP-EGFP ϩ cells in white matter of normoxic and hypoxic CNP-EGFP mice, demonstrating a transient reduction of total CNP-EGFP ϩ cells after hypoxia at P18 (by 31.1 Ϯ 2.5%), followed by an increase at P45 (35.3 Ϯ 3.9%).
Furthermore, to determine whether hypoxia-induced reduction in the number of mature white matter oligodendrocytes at P18 was due to apoptosis, CNP-EGFP ϩ cells were stained for Caspase 3 at different intervals after hypoxia. Consistent with the oligodendrocyte numbers, the number of Caspase 3 ϩ CNP-EGFP ϩ cells was significantly increased at P11 and P18, but no changes in cell death were detected at P45 after long-term recovery in normoxia ( Fig.  2A,B) . Importantly, after hypoxia, 100% of Caspase 3 ϩ CNP-EGFP ϩ cells were CC1 ϩ oligodendrocytes and no Caspase-3-negative CNP-EGFP ϩ cells were detected (Fig. 2C ). Although significant oligodendrocyte death occurs within the first week after hypoxia, our results indicated that both myelin protein levels and total number of oligodendrocytes are fully recovered 1 month after hypoxia. This suggested that new oligodendrocytes are being generated during this time period. To determine whether hypoxia promotes oligodendrogenesis, hypoxic and normoxic mice received five intraperitoneal injections of BrdU at 12 h intervals, starting on P11. At P45, CNP-EGFP ϩ cells were stained for BrdU and colabeled with anti-CC1 and anti-S100␤ antibodies. Cellular analysis demonstrated a twofold increase in the total number of CNP-EGFP ϩ BrdU ϩ oligodendrocytes and in the number of CNP-EGFP ϩ CC1 ϩ and CNP-EGFP ϩ S100␤ ϩ cells (Fig. 3A-C ) in hypoxic compared with normoxic mice, indicating the generation of new oligodendrocytes during the first week following hypoxic insult. Figure 1 . Hypoxia causes hypomyelination during white matter development. A, Confocal images of white matter from normoxic and hypoxic brains at P11, P18, and P45 immunostained with anti-MBP antibody. The dotted lines bound white matter. WM, White matter. Scale bar, 100 m (n ϭ 4 brains for each condition). B, Western blot analysis of white matter dissected from hypoxic and normoxic brains at P11, P18, and P45 demonstrates developmental expression of MBP, CNP, MAG, PLP, and MOG; actin was used as a loading control. C, Graphs represent transient changes in expressions of above proteins indicating a reduction in their level at P18, followed by an increase at P45 (n ϭ 4 brains for each condition and for each antibody; *p Ͻ 0.05, t test). Confocal, tricolored images from normoxic and hypoxic white matter at P11, P18, and P45. CNP-EGFP ϩ cells are stained with anti-CC1 (D) and anti-Olig2 (F ) antibodies. The dotted lines bound white matter. The insets magnify cells pointed by white arrows. Scale bar, 30 m. Graphs represent total number of CNP-EGFP ϩ cells expressing CC1 (E) and Olig2 (G) in normoxic and hypoxic white matter at P11, P18, and P45. Hypoxia causes a significant reduction of CNP-EGFP ϩ CC1 ϩ and CNP-EGFP ϩ Olig2 ϩ cells at P18; however, a significant increase of oligodendrocytes is seen at P45. At P11, there was no difference in total number of oligodendrocytes in white matter after hypoxia (n ϭ 4 brains for each condition, and for each antibody; *p Ͻ 0.05, **p Ͻ 0.02, t test). Error bars indicate SEM. The results above indicate that long-term cellular (oligodendrocytes) and biochemical (myelin proteins) recovery appears to occur in white matter after hypoxia. To determine whether cellular recovery leads to proper myelin production and axonal myelination, we performed electron-microscopic analysis of white matter at different intervals after hypoxia. At P18, hypoxia caused a reduction in relative myelin thickness, as determined by an increase in G ratio (axon diameter divided by entire myelinated fiber diameter; normoxia: 0.79 Ϯ 0.009, n ϭ 49 axons; hypoxia: 0.88 Ϯ 0.007, n ϭ 38 axons). Consistent with the observation that at P45 MBP levels and the total number of oligodendrocytes both recovered after hypoxia ( Fig. 1 E, F ) , at this age, relative myelin thickness was increased after hypoxia, compared with normoxia (G ratio; normoxia: 0.87 Ϯ 0.007, n ϭ 56 axons; hypoxia: 0.79 Ϯ 0.006, n ϭ 42 axons) (Fig. 4 A, B) . However, hypoxic injury did not interact with the age of mice, resulting in a comparable reduction of myelinated axons at both P18 and P45 by 12 and 14%, respectively. Furthermore, in hypoxia, we also observed a decrease in axonal diameter in both age groups [P18: 0.67 Ϯ 0.04 m (normoxia), 0.47 Ϯ 0.11 m (hypoxia); P45: 0.78 Ϯ 0.03 m (normoxia), 0.41 Ϯ 0.03 m (hypoxia)]. Also, electron-microscopic analysis indicated that axons are loosely wrapped by partially delaminated myelin sheaths after hypoxia (Fig.  4A) , although the expressions of total neurofilament (NF200) and nonphosphorylated neurofilament (SMI32) proteins remain unchanged at P18 and P45 [for NF200, at P18: 2.13 Ϯ 0.2% decrease; at P45: 0.56 Ϯ 0.27% increase; for SMI32, at P18: 1.42 Ϯ 0.15 decrease; at P45: 2.66 Ϯ 0.37% decrease (n ϭ 3 for each group, for each condition) (Fig. 4C) ].
Neonatal hypoxia causes a regenerative OPC response in white matter and SVZ
We first characterized the time course of OPC proliferation after hypoxia in both white matter and SVZ, the two regions containing the largest numbers of progenitor cells capable of regenerating oligodendrocytes (Menn et al., 2006; . To assess OPC proliferation after hypoxia, we performed anti-Ki67 immunostaining of normoxic and hypoxic white matter and SVZ at three time points during development. In white matter, CNP-EGFP ϩ Ki67 ϩ cells showed a greater proliferative response during the first week after hypoxia (P11 and P18), whereas no hypoxia-induced cell proliferation was detected at P45 (Fig. 5A,B) . At P11, we also observed a fourfold increase in CNP-EGFP ϩ
NG2
ϩ and a threefold increase in CNP-EGFP
Ki67
ϩ cells after hypoxia, compared with normoxia. This effect was still present at P18, but no significant differences were observed at P45 (Fig. 5C-E) . Changes in microglia and astrocyte proliferation were not detected in white matter after hypoxia, as determined by anti-BrdU and -Ki67 immunostaining of Iba1-and GFAP-expressing cells, respectively (Fig. 6A-C) (Raymond et al., 2011) .
In brains exposed to hypoxia, we consistently observed considerable expansion of the SVZ, together with lateral ventricle enlargement (Fig. 7A) . Cellular analysis using anti-Ki67 immunostaining attributed this effect to a large and significant increase in overall SVZ cell proliferation, which-differently from white matter-persisted even after long-term recovery in normoxia at P45 (Fig. 7B) . We characterized hypoxia-induced changes in the SVZ progenitor population using neuronal and oligodendrocytic progenitor markers. At P18, we detected an increased number of CNP-EGFP ϩ cells expressing either Dcx (neuronal), or NG2, or Olig2, or Mash1 (oligodendrocyte) progenitors, which persisted at P45 after long-term recovery in normoxia (Fig. 7C-E) . These results demonstrate that OPCs proliferate in response to hypoxia in both white matter and SVZ, with the regenerative response occurring in both regions within a week after injury. Importantly, in the SVZ, this OPC response persists 1 month after hypoxia, suggesting that these cells may contribute to white matter repair for extended periods following injury.
Distinct cell cycle pathways regulate cell proliferation in white matter and SVZ after neonatal hypoxia Our biochemical and cellular analyses demonstrate that, despite a proliferative and regenerative response of white matter and SVZ OPCs after hypoxia, oligodendrocyte maturation is delayed, leading to hypomyelination. As our findings highlight the importance of identifying factors that promote timely oligodendrogenesis after hypoxia, we investigated the cell cycle pathways involved in regulating OPC proliferation and differentiation in white matter and SVZ after hypoxia.
We performed extensive Western blot analysis of cell cycle proteins that regulate G 1 -S transition in OPCs (Casaccia-Bonnefil et al., 1997; Durand et al., 1997; Tikoo et al., 1998; Ghiani and Gallo, 2001; Nguyen et al., 2006) , and compared hypoxic and normoxic white matter, as well as SVZ tissue, at P18. In white matter, hypoxia upregulated Cdk2, pRb807/811, cyclin E, E2F1 expression compared with normoxia, and concomitantly downregulated p27 Kip1 (Fig.  8A-C) . Furthermore, p53 expression was also increased (45.04 Ϯ 5.9% increase), whereas p21
Cip1 was downregulated after hypoxia (39.1 Ϯ 5.4% decrease). In the SVZ at P18, hypoxia caused increased Cdk4, p107, and E2F4 protein levels compared with normoxia ( Fig.  8A-C) , suggesting that the Cdk4 pathway may regulate hypoxiainduced OPC proliferation in the SVZ. Our results suggest that, after hypoxia, distinct cell cycle pathways-Cdk2 and Cdk4 -regulate the OPC proliferative response in white matter and SVZ, respectively.
To analyze functional activation of the Cdk2 and Cdk4 pathways in these regions, we coimmunoprecipitated pocket proteins (Rb and p107) with their respective transcription factors (E2F1 and E2F4). Cdk2 phosphorylates the Rb-E2F1 complex causing its dissociation, while Cdk4 has a similar effect on the p107-E2F4 complex (Beijersbergen et al., 1995) . Lower levels of Rb-E2F1 complex were detected in hypoxic, compared with normoxic, white matter (Fig. 8 D) , indicating a higher fraction of unbound E2F1. Increased E2F1 promotes the entry of cells into the S phase of the cell cycle, resulting in increased proliferation. In hypoxic SVZ, a reduction in p107-E2F4 was detected, indicating higher levels of unbound E2F4 protein as a mechanism underlying increased SVZ cell proliferation. Regional specificity of Cdk2 and Cdk4 in cell proliferation was demonstrated by finding that the Rb-E2F1 complex and the p107-E2F4 complex were elevated in the SVZ and in white matter after hypoxia, respectively (Fig. 8 D) , confirming that these pathways were not involved in hypoxiainduced progenitor proliferation in these regions.
Analysis of Cdk2 Ϫ/Ϫ mice further substantiated Cdk2 pathway involvement in hypoxia-induced cell proliferation in white matter. Cdk2 Ϫ/Ϫ mice and their wild-type littermates were compared at P18 and P45 (Fig. 9A-F ) . In Cdk2 Ϫ/Ϫ mice, at P18, hypoxia caused only a modest elevation in the number of Ki67 ϩ cells in white matter, whereas a proliferative effect remained pronounced in the SVZ (Fig. 9 A, B) . The white arrow points to loosely wrapped myelin. B, Graph represents significant changes in G ratios after hypoxia compared with normoxia at P18 and P45 (n ϭ 3 brains; total number of axons analyzed ranged between 38 and 49 for P18, and 32 and 56 for P45; *p Ͻ 0.04). C, Western blot analysis from normoxic and hypoxic white matter demonstrates no changes in neurofilament protein expression (NF200, total, and SMI 32, nonphosphorylated) at P18 and P45. Hypoxia upregulates the expression of NF200 at P11 (n ϭ 3 brains for each condition and each marker; *p Ͻ 0.05, t test). Error bars indicate SEM. , and CNP-EGFP ϩ NG2 ϩ Ki67 ϩ (E) cells. These cell populations were upregulated at P11 and P18 after hypoxia. No differences between hypoxia and normoxia were observed at P45 (n ϭ 4 brains for each condition, and for each antibody; *p Ͻ 0.05, **p Ͻ 0.02, t test). Error bars indicate SEM.
affected oligodendrocyte differentiation in white matter, as demonstrated by reduced numbers of Olig2 ϩ and CC1 ϩ cells at P18, followed by an increase of their numbers at P45 (Fig. 9C-F ) . These data indicate that Cdk2 is an essential kinase, controlling OPC proliferation in white matter after hypoxia.
FoxO1 and Skp2 regulate p27
Kip1 expression after neonatal hypoxia Our results demonstrate hypoxia-induced changes in several cell cycle proteins in white matter, including p27
Kip1 , p21, and p53.
In this study, we focused on p27 Kip1 as a potential enhancer of oligodendrocyte regeneration after DWMI, based on its role in oligodendrogenesis under physiological conditions (CasacciaBonnefil et al., 1997 Kip1ϩ cells at P18, followed by an increase at P45 (Fig.  10 A-C) . The percentage of these cells was not different from normoxic controls at P11 (Fig. 10 B, C) . We next validated these Figure 7 . Enhanced cell proliferation in hypoxic SVZ. A, Enlargement of the lateral ventricles was observed at P18 after hypoxia, compared with normoxia. Confocal images show SVZ from normoxic and hypoxic brains at P11, P18, and P45 viewed at 10ϫ magnification. Sections were stained with anti-Ki67 antibody for cell proliferation. After hypoxia, an expansion of the SVZ was observed at P11 and P18. The dotted lines bound the SVZ. WM, White matter. Scale bar, 100 m(n ϭ 4 brains for each condition). B, Graph represents the total number of Ki67 ϩ cells in the SVZ at P11, P18, and P45. A significant increase in Ki67 ϩ cells was observed in the SVZ during development (n ϭ 4 brains for each condition; *p Ͻ 0.05, t test). C, Confocal images of double-labeled cells from the SVZ at P18. CNP-EGFP ϩ cells labeled with anti-NG2,anti-Dcx,anti-Mash1,andanti-Olig2antibodies.Theinsetsmagnifycellspointedbywhitearrows.Scalebar,50m.D,SignificantlymoreCNP-EGFP ϩ cellsexpressingNG2,Dcx,Mash1,andOlig2were foundatP18inhypoxicversusnormoxicSVZ(nϭ4brainsforeachcondition,andforeachantibody;*pϽ0.05,ttest).E,TheSVZprogenitorcellresponsewasstillevidentatP45,asdemonstratedbyanincrease in the total number of NG2 observations using human neonatal tissue. In subcortical white matter of full-term neonates with hypoxic-ischemic encephalopathy versus controls, we observed a significant reduction in p27 Kip1ϩ Olig2 ϩ cells (Fig. 10 D-F ) , indicating that p27 Kip1 expression is also downregulated in human OPCs after hypoxic injury.
Interestingly, in mouse white matter, Cdk2 and p27 Kip1 levels displayed reciprocal expression patterns during development, with maximal Cdk2 expression at P18 when p27
Kip1 expression is lowest (Fig. 11 A, B) . It has been shown that FoxO transcription factors control p27
Kip1 expression in cancer cells (Myatt and Lam, 2007; Yang and Hung, 2009) . Also, the oncoprotein Skp2 mediates degradation of several Cdk inhibitors, including p27
Kip1 (Dehan and Pagano, 2005) . Therefore, we first investigated whether expression of FoxO proteins-including FoxO1, FoxO3a, and FoxO4 -and of Skp2 were altered after neonatal hypoxia in a manner consistent with a putative regulatory role. Western blot analysis demonstrated similar developmental patterns of expression of the FoxO proteins in white matter after hypoxia (Fig. 11 A, B) . Expression of these transcription factors was not modified immediately after hypoxia at P11. At P18, hypoxia caused a significant reduction in the expression of FoxO1, FoxO3a, and FoxO4, compared with normoxic white matter (Fig.  11 A, B) . Conversely, at P45 all FoxO proteins analyzed were upregulated after hypoxia (Fig. 11 A, B) . Additionally, we observed that expression of Skp2 was increased after neonatal hypoxia, resulting in higher levels at P11 and P18. Importantly, hypoxia caused no change in Skp2 expression at P45, when FoxO protein levels were drastically increased. However, consistent with a role of Skp2 in p27
Kip1 degradation, Skp2 expression levels were inversely related to p27
Kip1 in hypoxic white matter at P18 (Fig.  11 A, B) . Together, these data indicate that degradation of p27 Kip1 , as manifested by lower protein levels, was likely mediated by Skp2 and involved FoxO transcription factors.
To study whether FoxO1 knockdown mimicked the effect of hypoxia on oligodendrocyte differentiation, we first performed loss-of-function experiments, where siRNA-mediated FoxO1 knockdown was induced in white matter cells isolated from normoxic brains. Transfection with FoxO1 siRNA significantly decreased FoxO1 (65.20 Ϯ 2.1%) and p27 Kip1 (94.11 Ϯ 1.5%) expression, compared with cells transfected with scrambled control (Fig. 11C) . Normoxic cells transfected with FoxO1 siRNA generated less oligodendrocytes expressing p27
Kip1 , O4, GalC, and Olig2, and more BrdU ϩ cells, compared with white matter cells transfected with scrambled control (Fig. 11 D) . Conversely, in gain-of-function experiments, where FoxO1 was overexpressed in cells isolated from hypoxic white matter (Fig. 11 E) , we observed a significant increase in the percentage of oligodendrocytes, compared with cells transfected with empty vector (Fig.   Figure 8 . Distinct pathways responsible for cell proliferation in white matter and SVZ after hypoxia. Cdk2 and Cdk4 are activated by hypoxia in white matter and SVZ, respectively. A, Schematic drawing of the network of cell cycle proteins involved in proliferation in white matter and SVZ. B, Western blot analysis of white matter and SVZ tissue dissected from P18 normoxic and hypoxic mice. Expression of Cdk2 and Cdk4, cyclin E, total Rb, pRb(Ser780), pRb(Ser795), pRb(Ser807/811), p107, E2F1, E2F4, and inhibitor, p27
Kip1 , was analyzed. C, Graphs represent an elevated expression of Cdk2, pRb807/811, E2F1, and reduced p27
Kip1 in white matter after hypoxia. Higher levels of Cdk4, p107, and E2F4 were found in SVZ after hypoxia, compared with normoxia. Western blot analysis was performed on four independent WM and SVZ samples for each condition (*p Ͻ 0.05, t test). Actin was used as a loading control. D, Immunoprecipitation assays performed on white matter and SVZ from normoxic and hypoxic P18 tissue. Rb-E2F1 and p107-E2F4 complexes were immunoprecipitated with anti-E2F1, and anti-E2F4 antibodies, respectively, and probed on Western blot with anti-Rb and anti-p107 antibodies. At P18, Rb expression was lower in hypoxic compared with normoxic white matter, while lower p107 expression was observed in hypoxic SVZ. Analysis was repeated on four independent WM and SVZ specimens for each condition. Western blot results are shown from a representative experiment. Error bars indicate SEM.
F). Overexpression of FoxO1 also significantly reduced BrdU
ϩ cells in hypoxic culture (Fig. 11 F) . To study whether Skp2 was functionally involved in p27 Kip1 degradation after hypoxia, we performed knockdown of Skp2 in white matter cells after normoxia and hypoxia, respectively (Fig.  11G) . In cells isolated from normoxic white matter, Skp2 knockdown did not significantly change the number of oligodendrocytes, compared with control cultures (Fig. 11 H) . Conversely, in cells isolated from hypoxic white matter, transfection with Skp2 siRNA increased the percentages of p27 Kip1ϩ , O4 ϩ , GalC ϩ , and Olig2 ϩ cells, compared with cells transfected with scrambled control (Fig. 11 H) . Finally, proliferation assays demonstrated that Skp2 knockdown caused a reduction in the percentage of BrdU ϩ cells, compared with cells transfected with scrambled control (Fig. 11 H) . Together, these data indicate that FoxO1 and Skp2 functionally contribute to the changes in p27
Kip1 expression in white matter after hypoxia.
p27
Kip1 plays an important role in oligodendrocyte differentiation after neonatal hypoxia Our analysis of white matter after hypoxia indicates a correlation between reduced number of mature oligodendrocytes, myelin expression, and concomitant FoxO1-dependent reduction in p27
Kip1 expression. Therefore, we hypothesized that reduced p27
Kip1 levels during a critical developmental time window after hypoxia would prevent oligodendrocyte differentiation, and tested our hypothesis using a loss-and gain-of-function approach.
We exposed p27 Ϫ/Ϫ mice to hypoxia and performed immunocytochemical analysis of white matter and SVZ at P18. As in their wild-type littermates, p27 Ϫ/Ϫ mice displayed enhanced cell proliferation in the SVZ after hypoxia, revealed by Ki67 and BrdU immunostaining. This effect was more pronounced in p27 Ϫ/Ϫ than in wild-type littermates (Fig. 12 A-D) . Along with a higher proliferative rate, p27
Ϫ/Ϫ mice displayed structural expansion of Figure 9 . Cdk2 is essential for oligodendrocyte development after hypoxia. Confocal images of white matter (A) and SVZ (B) from wild-type and Cdk2 Ϫ/Ϫ mice after normoxia and hypoxia at P18. Proliferating cells were labeled with anti-Ki67 antibody. In Cdk2 Ϫ/Ϫ mice, hypoxia caused a modest elevation in proliferation in white matter. A significant proliferative response was also sustained in the SVZ. The dotted lines bound white matter and SVZ. WM, White matter. Scale bar, 30 m(n ϭ 4 brains for each condition; *p Ͻ 0.05, **p Ͻ 0.02, two-way ANOVA). Confocal images of immunostaining with Olig2 and CC1 after normoxia and hypoxia at P18 in Cdk2 Ϫ/Ϫ mice and their littermates at P18 and P45. Oligodendrocytes were labeled with Olig2 (C, E) and CC1 (D, F) markers. In wild-type and Cdk2 Ϫ/Ϫ white matter, hypoxia reduced oligodendrocyte differentiation at P18, compared with normoxia, followed by a recovery at P45 (n ϭ 4 brains for each condition, and for each antibody; *p Ͻ 0.05, **p Ͻ 0.02, two-way ANOVA). Error bars indicate SEM.
the SVZ after hypoxia compared with normoxia. Moreover, the relative increase in SVZ NG2 ϩ and Olig2 ϩ cells induced by hypoxia was higher in p27 Ϫ/Ϫ than in wild-type mice (Fig. 12 B-D) . However, in white matter of p27 Ϫ/Ϫ mice, hypoxia caused a larger reduction in the number of Olig2 ϩ (63.7 Ϯ 5.43% decrease; n ϭ 3; p Ͻ 0.05), CC1 ϩ (71.03 Ϯ 9.7% decrease; n ϭ 3; p Ͻ 0.05), and S100␤ ϩ (82.92 Ϯ 0.2% decrease; n ϭ 3; p Ͻ 0.05) cells than in wild-type mice (Fig. 12 E, F,H ) . Western blots of MBP after hypoxia confirmed the immunocytochemical analysis, demonstrating a larger reduction in MBP expression in p27 Ϫ/Ϫ (29.2 Ϯ 3.8%) compared with wild-type (16.0 Ϯ 0.8%) mice ( p Ͻ 0.01, t test; Fig. 12G,I ). Together, these results indicate that loss of p27
Kip1 exacerbates the effects of hypoxia on oligodendrocyte maturation in developing white matter.
Enhanced p27
Kip1 expression restores oligodendrogenesis after neonatal hypoxia Our loss-of-function results point to p27
Kip1 as a potential target to promote oligodendrocyte differentiation after hypoxia. Therefore, we performed in vitro and in vivo gain-of-function experiments to directly demonstrate its role in oligodendrocyte regeneration after hypoxia. We first isolated white matter cells from normoxic and hypoxic mice at P18 and transfected them in vitro with p27
Kip1 -expressing retrovirus. To assess their proliferative potential, we labeled all cultured cells with BrdU ( Fig.  13 A, D) . In normoxic cells, the percentage of BrdU ϩ cells slightly decreased after p27
Kip1 transfection compared with cells transfected with control virus. In cells isolated from hypoxic mice, p27 Kip1 overexpression caused a more pronounced inhibitory effect on cell proliferation (Fig. 13A-D) .
Consistent with its effects on cell proliferation, p27 Kip1 overexpression also enhanced oligodendrocyte differentiation in cells isolated from hypoxic mice. The percentage of O4 ϩ and O1 ϩ cells was strongly enhanced (4-fold increase of O4 ϩ cell number, and a 2.5-fold increase in O1 ϩ cells) in cells isolated from hypoxic mice after p27
Kip1 transfection, compared with mocktransfected cells; p27
Kip1 overexpression did not affect oligodendrocyte differentiation in cells isolated from normoxic mice (Fig. 13B-D) . These immunocytochemical results were confirmed by semiquantitative RT-PCR analysis demonstrating increased CNP, MBP, and Olig2 gene expression in hypoxic cells transfected with p27
Kip1 , compared with cells treated with mock virus or normoxia, whereas expression of GFAP remained unchanged (data not shown). Furthermore, Western blot analysis demonstrated reduced protein expression of Cdk2 and E2F1, as well as increased MBP protein expression in hypoxic cells transfected with p27
Kip1 (data not shown). Conversely, Cdk2, E2F1, and MBP expression were not modified by p27
Kip1 in normoxic cells (data not shown).
To demonstrate that p27 Kip1 overexpression enhances OPC differentiation after hypoxia in vivo, we injected p27
Kip1 and mock EGFP-retrovirus into hypoxic and normoxic white matter of wild-type mice at P18. Three weeks later, we labeled brain sections with anti-Olig2, -CC1, -S100␤, and -MBP antibodies. Kip1 expression after hypoxia in mouse and human neonatal white matter. A, Confocal images of white matter from normoxic and hypoxic brains at P18. White matter tissue was immunostained with anti-p27
Kip1 and anti-Olig2 antibodies. The dotted lines bound white matter. WM, White matter. The white arrows point to cells expressing p27 Kip1 . Scale bar, 100 m. The graphs represent a reduction in the percentage of CNP-EGFP ϩ p27 Kip1ϩ (B) and CNP-EGFP ϩ Olig2 ϩ p27 Kip1ϩ (C) cells in white matter after hypoxia at P18, and a significant elevation in the percentage of these cells at P45 (n ϭ 4 brains for each condition and for each antibody; *p Ͻ 0.05). D, Confocal images from human tissue from control and HIE newborns. Cells were stained with anti-Olig2 and anti-p27
Kip1 Abs. The insets show a magnification of oligodendrocytes expressing p27 Kip1 . Scale bars: Olig2 staining, 100 m; Olig2/p27 staining, 100 m. cc, Corpus callosum. The graphs represent lower number of Olig2 ϩ (E) and Olig2 ϩ p27 Kip1ϩ (F) cells in HIE patients compared with control in corpus callosum (n ϭ 3 brains for each condition and for each antibody; *p Ͻ 0.02). Error bars indicate SEM.
Because p27
Kip1 retrovirus mainly targets proliferating cells, a larger number of EGFP-labeled cells incorporating the retrovirus were found in hypoxic than in normoxic white matter, indirectly confirming enhanced proliferation after hypoxia (data not shown). p27
Kip1 injection caused a significant increase in the number of oligodendrocytes expressing CC1, S100␤, and Olig2 in hypoxic white matter, compared with mock-injected hypoxic white matter cells (Fig. 13E-G, I-K) . A significant percentage (45.0 Ϯ 7.05%) of p27-virus ϩ cells were also MBP ϩ (Fig. 13H,L) . In normoxic white matter, no mature oligodendrocytes were detected after mock transfection, and p27
Kip1 overexpression caused a modest increase in the number of mature oligodendrocytes, similar to that found in mock-injected brains (Fig. 13I-L) . Together, these results directly demonstrate that restoring p27
Kip1 expression in white matter OPCs after hypoxic neonatal brain injury promotes oligodendrocyte differentiation.
Discussion
Using an animal model relevant to DWMI observed in preterm infants, our study identifies two distinct developmental phases:
Kip1 expression in white matter OPCs after hypoxia. A, Western blot analysis of Cdk2, p27 Kip1 , FoxO1, FoxO4, FoxO3a, and Skp2 expression was performed in normoxic and hypoxic tissue at P11, P18, and P45. B, Graphs show expression levels of Cdk2, p27
Kip1 , FoxO1, FoxO4, FoxO3a, and Skp2 proteins quantified by Western blot. After hypoxia, Cdk2 and Skp2 levels were increased in white matter at P11 and P18. Conversely, p27
Kip1 , FoxO1, FoxO3a, and FoxO4 levels were decreased by hypoxia at P18, but were elevated at P45. Actin was used as a loading control (n ϭ 4 for normoxia and hypoxia, respectively; *p Ͻ 0.05). C, D, FoxO1 loss of function in white matter cells in normoxic cultures. A reduction of 30 -50% in FoxO1 and p27
Kip1 levels was obtained after siRNA transfection. The graph shows the percentage of oligodendrocytes after FoxO1 siRNA and scrambled control transfection. In normoxic cultures, transfection with FoxO1 reduced the percentage of double-labeled EGFP ϩ cells expressing p27 Kip1 , O4, GalC, and Olig2, compared with cells transfected with scrambled control. However, the percentage of BrdUproliferating cells was significantly elevated (n ϭ 4 brains for each condition and for each antibody; *p Ͻ 0.05). E, F, FoxO1 gain of function in white matter cells after hypoxia. Western blot analysis demonstrates a fivefold increase in FoxO1 expression levels after transfection with pCMV5 HA FoxO1 plasmid, compared with empty vector transfection. In differentiation assays, FoxO1 overexpression caused an increase in the percentage of EGFP ϩ cells expressing p27 Kip1 , O4, GalC, and Olig2, and a reduction in proliferating cells, compared with cells transfected with empty vector (n ϭ 4 brains for each condition and for each antibody; *p Ͻ 0.05). G, H, Skp2 loss of function in normoxic and hypoxic white matter cells. Western blot analysis demonstrates lower expression of Skp2 protein after Skp2 siRNA transfection in normoxic and hypoxic white matter cells, compared with transfection with scrambled control siRNA. In hypoxic cultures, transfection with Skp2 siRNA increased the percentage of double-labeled EGFP ϩ cells expressing p27 Kip1 , O4, GalC, and Olig2 oligodendrocytes, compared with normoxic cultures (n ϭ 4 brains for each condition and for each antibody; *p Ͻ 0.05). Error bars indicate SEM.
an injury phase occurring within a few days after hypoxia, and a phase of apparent cellular and biochemical recovery within a few weeks after hypoxia. These two phases have also been observed in premature infants during their postnatal development (Back et al., 2001; Volpe, 2001 ). We identify a developmental time window during oligodendrogenesis that is critical for proper white matter myelination, as hypoxic insult during this period produces transient hypomyelination and failure of functional recovery. Our analysis also demonstrates that hypoxia affects oligodendrogenesis and oligodendrocyte differentiation through two crucial cell cycle proteins, Cdk2 and its inhibitor p27 Kip1 .
White matter displays a biphasic response to neonatal hypoxia
We demonstrate that neonatal hypoxia causes transient hypomyelination due to significantly increased oligodendrocyte cell death and delayed oligodendrocyte differentiation. One week after hypoxia, the main populations affected comprised CC1 ϩ Figure 12 . The effects of hypoxia are exacerbated in white matter of p27 Ϫ/Ϫ mice. Confocal images of SVZ from wild-type and p27 Ϫ/Ϫ mice at P18 after normoxia and hypoxia. Proliferating cells were labeled with anti-Ki67 and anti-BrdU antibodies (A), and progenitor cells were labeled with anti-Olig2 (B) and anti-NG2 (C) antibodies. The dotted lines bound SVZ. Scale bar, 30 m. D, Graphs represent total number of Ki67 ϩ and BrdU ϩ cells in wild-type and p27 Ϫ/Ϫ SVZ at P18 after hypoxia and normoxia (n ϭ 4 brains for each condition, and for each antibody; *p Ͻ 0.05, **p Ͻ 0.02, two-way ANOVA). E-G, Confocal images from hypoxic and normoxic white matter at P18. Sections were stained with anti-Olig2 and anti-CC1 (E), anti-S100␤ (F), and anti-MBP (G) antibodies. The dotted lines bound white matter (WM). Scale bar, 50 m (n ϭ 3 brains for each condition and for each antibody). H, Graphs represent total number of Olig2 ϩ , CC1 ϩ , and S100␤ cells in white matter of wild-type and p27
Ϫ/Ϫ mice after hypoxia and normoxia (n ϭ 3 brains for each condition, and for each antibody; *p Ͻ 0.05, **p Ͻ 0.02, two-way ANOVA). I, Western blots from wild-type and p27
Ϫ/Ϫ tissue at P18 after hypoxia and normoxia. Lower MBP expression was found in p27 Ϫ/Ϫ white matter after hypoxia. MBP expression was normalized against actin (n ϭ 3 brains per condition). Error bars indicate SEM.
Figure 13. p27
Kip1 overexpression restores oligodendrocyte differentiation after hypoxia. A, Cells from hypoxic and normoxic brains at P18 were transfected with p27 Kip1 and mock retrovirus, and cultured 5 d in basal medium. For proliferation assays, cells were labeled with anti-BrdU antibody. The insets magnify cells in white boxes. Scale bar, 100 m. For (Figure legend continues.) mature oligodendrocytes, which are normally involved in myelination. The reduction in mature oligodendrocytes decreased the expression of myelin proteins, likely as a result of both oligodendrocyte death and delayed oligodendrocyte maturation. Previous studies have shown that oligodendrocyte depletion after hypoxia-ischemia is caused by degeneration of O4 ϩ preoligodendrocytes and by arrested oligodendrocyte maturation at a premyelinating developmental stage (Ness et al., 2001; Back et al., 2002) . Our study demonstrates an increased number of Caspase-3 ϩ oligodendrocytes the first week after hypoxic insult, but this was not sustained for a longer period after hypoxia. This finding is consistent with the recovery of myelin protein levels a week after hypoxia.
We also demonstrate that, in white matter, the strongest proliferative response of NG2 ϩ -expressing progenitors occurs the first week after the hypoxic insult, suggesting short-term oligodendrocyte regeneration. In our model, exposure to low oxygen for 8 d caused increased proliferation of SVZ progenitors expressing NG2, Mash1, and Olig2, which persisted at least 2 weeks longer in the SVZ than in white matter, demonstrating a differential response to injury in these progenitor populations.
We followed the complete developmental time course, analyzing the effects of low oxygen on the oligodendrocyte lineage up to P45-the age corresponding to complete myelination. We show that sublethal hypoxia affects oligodendrogenesis within the first week after the insult during developmental myelination, a process then followed by oligodendrocyte regeneration from proliferating NG2 ϩ progenitors. These data suggest that juvenile white matter has an endogenous potential for cellular recovery after chronic hypoxic injury. This conclusion is consistent with observations after DWMI in adolescent human brain, demonstrating white matter recovery accompanied by partial functional improvement (Ment and Constable, 2007) . Reconstitution of oligodendrocyte cell number in hypoxic white matter is also consistent with recent studies that demonstrated a similar course of regenerative events in cortical neurogenesis after hypoxia ). Together, these findings indicate a general pattern of brain recovery following hypoxic insult, involving both neurogenesis and oligodendrogenesis with similar time courses. Our study found oligodendrocyte regeneration underway as early as within the first week after hypoxia. However, this regenerative event was not accompanied by proper developmental myelination-indicating that hypoxia induces delayed oligodendrocyte maturation. One month after injury, the cellular and biochemical recovery (higher number of oligodendrocytes and higher levels of myelin protein expression at P45) was not fully reflected by normal axonal myelination (lower G ratio) revealed by electron microscopy. Also, we did not observe changes in the expression of axonal neurofilaments, suggesting that at this time point axonopathy does not play a crucial role in the observed effects on oligodendrocytes. Importantly, the present study identifies a developmental time window critical for myelination, which could be targeted in new therapies for preventing white matter defects during development. When oligodendrocyte maturation and myelination are prevented during this specific time window, disordered white matter function in adulthood will ultimately result.
Cdk2 and Cdk4 pathways regulate proliferation of different progenitor populations
Building on the distinctive time course of the cellular response of white matter and SVZ progenitor cells to hypoxia, we examined differential expression of cell cycle regulatory proteins in these regions. Our analysis demonstrates that two distinct signaling pathways regulate the proliferative response of two different progenitor populations to hypoxia, in particular the Cdk2 pathway in white matter and the Cdk4 pathway in SVZ. Furthermore, we show that the Cdk2 pathway is functionally involved in OPC proliferation in white matter, whereas hypoxia-induced progenitor proliferation in the SVZ is controlled by activation of the Cdk4 pathway, since in white matter-but not in SVZ-OPC proliferation induced by hypoxia was abolished in a Cdk2-null mouse. The Cdk2 pathway is known to regulate OPC proliferation during development (Krtolica et al., 1998; Ghiani et al., 1999; Gardner et al., 2001; Belachew et al., 2003; Caillava et al., 2011) . Our study reveals upregulation of each component of the Cdk2 pathway-including Cdk2, Rb807/811, and E2F1 proteins-in hypoxic white matter. We also provide evidence for functional activation of the Cdk2 pathway as a crucial regulator of OPC proliferation under pathological conditions, DWMI in particular. Cdk2 deletion also severely impairs oligodendrocyte regeneration and remyelination after focal demyelination of adult white matter (Caillava et al., 2011) , indicating that Cdk2 is a major regulator of OPC response to injury during early postnatal development and in the adult brain.
We extensively explored the involvement of Rb-a direct downstream target of Cdk2-in the molecular pathways activated by hypoxia in white matter. Rb phosphorylation, particularly at Ser 807/811, has been identified as a major molecular checkpoint for cell cycle progression (Gardner et al., 2001) . Phosphorylation of Rb causes dissociation of the Rb-E2F1 complex with subsequent release of the E2F1 transcription factor. Consistent with this mechanism, we found higher levels of Rb phosphorylation and of unbound E2F1 in white matter after hypoxia, indicating that Rb phosphorylation at Ser 807/811 promoted G 1 /S transition in OPCs (Harbour et al., 1999) .
p27
Kip1 regulates posthypoxic oligodendrogenesis in white matter We also noted a significant decrease in p27
Kip1 expression after hypoxia, with a time course consistent with a role for this Cdk inhibitor in preventing oligodendrocyte maturation. Analysis of p27 Ϫ/Ϫ mice-in which lack of p27 Kip1 exacerbates the effects of hypoxia on oligodendrocyte and white matter developmentconfirmed a role for this protein in oligodendrocyte maturation under hypoxic conditions. Furthermore, p27
Kip1 overexpression promoted oligodendrogenesis in cultures obtained from hypoxic white matter or in white matter in vivo. In summary, our results demonstrate a functional role for p27
Kip1 in promoting oligoden- Kip1 overexpression did not change percentage of oligodendrocytes (n ϭ 3 brains for each condition; *p Ͻ 0.05; **p Ͻ 0.02; NS, nonsignificant, t test). p27
Kip1 enhanced differentiation potential of oligodendrocytes after hypoxia in vivo. In white matter, cells labeled with p27
Kip1 retrovirus were colabeled with CC1 (E), S100␤ (F), Olig2 (G), and MBP (H) markers after normoxia and hypoxia. The insets magnify cells pointed by white arrows. WM, White matter. Scale bar, 50 m. Graphs represent percentage of double-labeled p27virus ϩ cells stained with CC1 (I), S100␤ (J), Olig2 (K), and MBP (L) markers. After hypoxia, cells transfected with p27
Kip1 retrovirus expressed Olig2, CC1, and S100␤. In normoxia, p27
Kip1 did not significantly change the number of mature oligodendrocytes compared with mock virus controls (n ϭ 4 brains for each condition, and for each antibody; *p Ͻ 0.05, two-way ANOVA). Error bars indicate SEM.
drocyte regeneration in pathologies associated with white matter deficit (Katchanov et al., 2001; Crockett et al., 2005; Shen et al., 2008) . These findings are consistent with previous in vitro studies, as well as studies in transgenic mice that identified p27
Kip1 as a main regulator of oligodendrocyte differentiation and maturation (Casaccia-Bonnefil et al., 1999; Ghiani et al., 1999; Chew et al., 2005) . p27
Kip1 has been shown to control the oxygendependent checkpoint in late G 1 of the cell cycle, when the Cdk2 pathway is most active (Graff et al., 2005) . Our experimental paradigm of neonatal hypoxia demonstrates an inverse correlation between Cdk2 and p27
Kip1 protein levels in white matter, during a period when the increase in OPC proliferation is maximal and oligodendrocyte maturation is delayed. Importantly, the effects of hypoxia on expression of these two proteins were reversed later on, during developmental recovery, indicating probable involvement of p27
Kip1 in the late arrest of OPC proliferation and subsequent oligodendrocyte differentiation. Expression of Cdk2 and p27
Kip1 proteins in white matter after long-term recovery from hypoxia supports this interpretation, and is consistent with the increased number of mature oligodendrocytes after long-term recovery in normoxia.
It has been established that regulation of p27 Kip1 expression involves forkhead transcription factors, particularly FoxO3a (Miyamoto et al., 2007) . Although a significant increase in phospho-FoxO was observed at 2 h after hypoxia in adult hippocampus (Zhan et al., 2010) , we found the opposite effect on FoxO protein expressions in white matter. The developmental time course of FoxO1, FoxO3a, and FoxO4 expression after neonatal hypoxia paralleled that of p27 Kip1 , with FoxO1 being mostly affected. This suggested that lower levels of FoxO proteins were responsible for the reduction of p27
Kip1 expression observed after hypoxia, and regulation of these proteins may promote oligodendrocyte regeneration in white matter after DWMI. This hypothesis was confirmed by gain-and loss-of-function experiments. Overexpression of FoxO1 in white matter cells after hypoxia led to oligodendrocyte recovery. Conversely, silencing FoxO1 expression in normoxic cells significantly reduced oligodendrogenesis.
It is also known that p27 Kip1 regulators (FoxO genes) are altered by posttranslational modification, including ubiquitination by Skp2 (Huang and Tindall, 2011) . Here, we demonstrate that neonatal hypoxia upregulates Skp2 during the first week after the insult in vivo, concomitantly with a downregulation of p27 Kip1 and FoxO proteins expression. Furthermore, we show that, in cells isolated from hypoxic white matter, transfection with Skp2 siRNA and subsequent upregulation of p27
Kip1 expression promoted oligodendrogenesis. Thus, our results demonstrate that posttranscriptional degradation of p27
Kip1 occurs via FoxO proteins-mainly FoxO1-and by Skp2-mediated ubiquitination.
Conclusion
Our understanding of the cellular dynamics and molecular mechanisms contributing to neonatal brain damage-including DWMI-is still very limited. The present study reveals that, in developing white matter, the primary effects of hypoxic insult are hypomyelination as well as Cdk2-dependent OPC proliferation and delayed oligodendrogenesis. We also demonstrate that FoxO1-mediated p27
Kip1 regulation is responsible for promoting oligodendrogenesis after neonatal hypoxia. Therefore, FoxO1 and p27
Kip1 represent attractive molecular targets for restoring timely oligodendrogenesis after neonatal brain injury.
